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SUMMARY
The iron exporter ferroportin (Fpn) is essential to
transfer iron from cells to plasma. Systemic iron
homeostasis in vertebrates is regulated by the
hepcidin-mediated internalization of Fpn. Here, we
demonstrate a second route for Fpn internalization;
when cytosolic iron levels are low, Fpn is internalized
in a hepcidin-independent manner dependent upon
the E3 ubiquitin ligase Nedd4-2 and the Nedd4-2
binding protein Nfdip-1. Retention of cell-surface
Fpn through reductions in Nedd4-2 results in cell
death through depletion of cytosolic iron. Nedd4-2
is also required for internalization of Fpn in the
absence of ferroxidase activity as well as for the
entry of hepcidin-induced Fpn into the multivesicu-
lar body. C. elegans lacks hepcidin genes, and
C. elegans Fpn expressed in mammalian cells is not
internalized by hepcidin but is internalized in re-
sponse to iron deprivation in a Nedd4-2-dependent
manner, supporting the hypothesis that Nedd4-
2-induced internalization of Fpn is evolutionarily
conserved.
INTRODUCTION
Systemic iron physiology is regulated by the interaction of the
peptide hormone hepcidin and the iron exporter Fpn (Lee and
Beutler, 2009). Hepcidin is synthesized in response to inflamma-
tion and iron sufficiency. Conditions that require increased iron
demand, such as hypoxia or iron insufficiency, lead to decreased
hepcidin expression. Hepcidin is a negative regulator of iron
entry into plasma, as it binds to Fpn and induces Fpn degrada-
tion, resulting in decreased iron export into plasma and cellular
iron retention (Nemeth et al., 2004). Hepcidin regulates Fpn
levels by binding to a specific extracellular domain of Fpn, which
induces the binding of the cytosolic Janus kinase (Jak2) to Fpn
(DeDomenico et al., 2009). Once bound, Jak2 is autophosphory-
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TRCell Mlated and then phosphorylates Fpn, leading to Fpn internalization
by clathrin-coated pits and its degradation in the lysosome
(De Domenico et al., 2007b, 2009). The interaction of hepcidin
with Fpn provides a mechanism for coordinating iron entry into
plasma with iron utilization and storage.
Fpn-mediated iron export is dependent on the ferroxidase
activity of the multicopper oxidases ceruloplasmin (Cp) and he-
phaestin. The absence of Cp in macrophages or neural cells
leads to cellular iron retention due to the internalization and
degradation of Fpn (De Domenico et al., 2007a). Internalization
of Fpn in the absence of Cp is hepcidin-independent and results
from ubiquitination of Fpn lysine 253. In the absence of multicop-
per oxidases, Fe (II) remains bound to Fpn, suggesting that Cp,
by oxidizing iron, generates a gradient that drives iron transport.
In the absence of that gradient, Fpnmaybe trapped in a transport
intermediate conformation that is recognized by an E3-ubiquitin
ligase.
In the present study, we define an alternate pathway that
results in hepcidin-independent internalization of Fpn. Depletion
of cytosolic iron results in the internalization and degradation
of cell-surface Fpn. We show that internalization of Fpn, in the
absence of Cp and in the absence of iron, is mediated by the
E3 ubiquitin ligase Nedd4-2 and its accessory protein Ndfip-1.
Ubiquitination of Fpn is a mechanism that protects cells from
Fpn-mediated depletion of cytosolic iron. We further show that
Nedd4-2 is responsible for the ubiquitination of the Fpn once
Fpn is internalized by the hepcidin-dependent pathway. We
demonstrate that iron-limited ubiquitination and internalization
of Fpnmay have preceded hepcidin-induced Fpn internalization,
as the invertebrate Caenorhabditis elegans (C. elegans) Fpn,
which is insensitive to hepcidin, is internalized through the
iron-limited ubiquitin-dependent pathway.
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Fpn Is Internalized in Response to Low Cytosolic Iron
Previously, we described a stable cell line, HEK293TFpn-GFP, in
which expression of a Fpn-green fluorescent protein (Fpn-GFP)
chimera is regulated by the ecdysone promoter (Nemeth et al.,
2004). Addition of the ecdysone analog ponasterone inducedetabolism 14, 635–646, November 2, 2011 ª2011 Elsevier Inc. 635
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We observed that with increased time in culture, there was
a decrease in cell-surface Fpn-GFP with the appearance of fluo-
rescence in internal vesicles even in the presence of ponaster-
one (Figure 1A). The disappearance of cell-surface Fpn-GFP
was correlated with decreased cellular Fpn-GFP as determined
by western blot. Analysis of messenger RNA (mRNA) levels
showed that the decrease in Fpn-GFP did not reflect a loss of
ponasterone induced Fpn-GFP mRNA (Figure S1A available
online). Similar time-dependent decreases in Fpn-GFP were
seen when Fpn-GFP was expressed from a CMV promoter in
transiently transfected mouse bone marrow macrophages
(see Figure 2C). We examined whether the loss of Fpn required
phosphorylation of Fpn tyrosines 302–303, as phosphorylation
of either tyrosine is essential for hepcidin-mediated downregula-
tion of Fpn (De Domenico et al., 2007b). HEK293T cells express-
ing wild-type Fpn-GFP, Fpn(Y302-303F)-GFP or Fpn(C326Y)-
GFP showed a similar pattern of Fpn degradation, indicating
that the cysteine critical for the hepcidin binding and the tyro-
sines that are phosphorylated in hepcidin-mediated Fpn internal-
ization are not necessary for the extended culture-dependent
degradation of Fpn [Figure 1B, Fpn(Y302-303F)-GFP and
Fpn(C326Y)-GFP].
Previously, we showed that Fpnwas internalized in a ubiquitin-
dependent manner in the absence of Cp and that ubiquitin was
added to Fpn K253 (De Domenico et al., 2007a). Mutation of
Fpn K253A resulted in the cell-surface retention of Fpn in the
absence of Cp. HEK293T cells expressing Fpn(K253A)-GFP
maintained Fpn on the plasma membrane even after 36 hr,
whereas wild-type Fpn-GFP was internalized and degraded
[Figure 1B, Fpn(K253A)-GFP]. We previously determined that
ubiquitin-dependent degradation of Fpn resulting from the
absence of Cp was due to impaired iron transport activity, as
Fpn mutants unable to transport iron were not degraded in the
absence of Cp (DeDomenico et al., 2007a). Similarly, Fpnmutant
N174I, which is unable to transport iron, was not degraded
during prolonged cell culture [Figure 1B, Fpn(N174I)-GFP]. The
persistence of Fpn(N174I) and Fpn(C326Y) on the cell surface
was confirmed with cell-surface biotinylation. As compared to
WT Fpn, most of the cellular Fpn(N174I) but not Fpn(C326Y)
was found on the cell surface and little was internalized. These
results suggest that the time-dependent degradation of Fpn
was hepcidin independent. Rather, our data suggest that
internalization is linked to the loss iron export and decreased
cytosolic iron. The expression of Fpn would lead to decreased
cytosolic iron, as suggested by decreased cellular ferritin.
Addition of iron to the culture media prevented degradation
of Fpn-GFP, whereas, addition of the permeable iron chelator
desferasirox (DFX) accelerated the internalization and degrada-
tion of Fpn-GFP (Figure 1C). DFX reduced cytosolic iron although
at short time periods the loss of the iron storage protein ferritin
is small (Figure S1B). Iron deprivation did not lead to a general
remodeling of cell-surface proteins, as b integrin in HEK293
(Figure S1C), and transferrin receptors (Figure S1D) or CD11b
(Figure S1E) in macrophages remained on the plasma
membrane.
These results indicate that depletion of cellular iron results in
the internalization of cell-surface Fpn. The finding that mutant
Fpn(K253A)-GFP is not degraded upon depletion of cytosolic
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of Fpn. We examined cell-surface Fpn-GFP ubiquitination in
cells transfected with a dominant negative mutant of dynamin
(K44A), which blocks both caveolin and clathrin-mediated endo-
cytosis (Damke et al., 1994). Dominant-negative dynamin-
mediated inhibition of internalization maintained Fpn-GFP on
the cell surface even in the presence of DFX and Fpn-GFP immu-
noprecipitated under these conditions was ubiquitinated as
assayed bywestern blot. Ubiquitinated Fpnwas detected in cells
in the absence of DFX (Figure 1D). Fpn(K253A)-GFP immunopre-
cipitated under these conditions was not ubiquitinated demon-
strating that lysine 253 on Fpn was necessary for ubiquitination
on the cell surface.
Fpn Ubiquitination Requires the E3 Ligase Is Dependent
upon Nedd4-2
Our data demonstrated that ubiquitination was necessary for
iron-limited degradation of Fpn. Attachment of ubiquitin to
target proteins is dependent on the specificity of the E3 ligase.
We focused on the Nedd4 family of E3 ligases due to the well-
established role of Rsp5, the sole yeast member of the family,
in mediating degradation of cell-surface proteins (Hettema
et al., 2004). Nedd4 family members have been shown to
play a role in regulating ion channels (for review, see Abriel
and Staub, 2005; Flores et al., 2003; Malik et al., 2006; Sile
et al., 2006). As Fpn is an ion transporter, we hypothesized
that this mechanism might also apply for Fpn regulation. We
used RNA interference (RNAi) to decrease the level of Nedd4-
2 in the stable HEK293Fpn-GFP cell line. Reductions in
Nedd4-2 levels did not affect the trafficking of Fpn-GFP to
the plasma membrane (Figure 2A, panels i and iiii). In cells
treated with control oligonucleotides, Fpn-GFP was degraded
36 hr post expression (Figure 2A, panel ii). Fpn-GFP was not,
however, degraded in Nedd4-2-silenced cells. To confirm that
Nedd4-2 small interfering RNA (siRNA) did not have any ‘‘off-
target’’ effects, we transfected siRNA treated HEK293T cells
with silencing-resistant mouse pCMVNedd4-2. Expression of
mouse Nedd4-2 in human Nedd4-2-silenced cells restored
culture-dependent Fpn degradation (Figure 2A, panel iii).
Silencing of Nedd4-2 also prevented the DFX-induced loss of
Fpn (Figure 2B) as shown by epifluorescence and cell-surface
biotinylation. In contrast, silencing of Nedd4-1, a paralogue of
Nedd4-2, had no effect on DFX-mediated loss of Fpn (data
not shown).
Internalization of Fpn in the Absence of Cp Is Dependent
on Nedd4-2
We reported that macrophage Fpn was rapidly internalized and
degraded in the absence of ferroxidase activity due to the loss
of ceruloplasmin by either RNAi or copper depletion (De Dome-
nico et al., 2007a). The internalization of Fpn in the absence of
Cp was dependent on ubiquitination of FpnK253, but we did
not identify the responsible ubiquitin ligase. We therefore
examined whether Nedd4-2 was required for the loss of Fpn
in the absence of Cp. Macrophages incubated in the presence
of the copper chelator bathocuproine disulphonate (BCS),
which reduced Cp activity, led to the degradation of Fpn.
However, siRNA depletion of Nedd4-2 resulted in the retention
of cell-surface Fpn in copper-deficient cells (Figure 2C).
CTInc.
Figure 1. Depletion of Cytosolic Iron Leads to Fpn Degradation
(A) HEK293T Fpn-GFP cells were incubated with 10 mM Ponasterone A (PoA) to induce Fpn-GFP. Fpn-GFP localization was examined by epifluorescence
microscopy after 18 hr, 24 hr, and 36 hr of incubation. The percent of plasma membrane fluorescence per cell was determined as described in the Experimental
Procedures. Error bars represent the standard error of the mean of three separate experiments. Fpn levels were analyzed by western blot with rabbit or mouse
antibodies against Fpn or tubulin followed by peroxidase-conjugated goat anti-rabbit/mouse IgG.
(B) HEK293T cells were transiently transfected with WT Fpn-GFP, Fpn(Y302-303F)-GFP Fpn(K253A)-GFP, Fpn(N174I)-GFP, or Fpn(C326Y)-GFP expressed
under a CMV promoter. Eighteen and thirty-six hours after transfection, Fpn-GFP localization was examined by epifluorescence microscopy. The percentage of
cells showing cell-surface fluorescence versus intracellular fluorescence was determined as described in the Experimental Procedures. Error bars represent the
standard error of the mean of three separate experiments. Fpn levels were analyzed by western blot with rabbit or mouse antibodies against GFP followed by
peroxidase-conjugated goat anti-rabbit IgG.
(C) HEK293T cells expressing Fpn-GFP were incubated with 10 mM Ponasterone A (PoA) in presence or absence of FAC (10 mM Fe) or 100 mM DFX added 6 hr
after induction. Fpn-GFP localization was examined by epifluorescencemicroscopy, and the percent of plasmamembrane fluorescence per cell was determined
as described in the Experimental Procedures. Cells were biotinylated with the impermeable sulfo-NHS-SS-biotin. After biotinylation, cells were solubilized, and
biotinylated proteins were affinity purified with streptavidin affinity gel. Affinity-purified samples and the flow through were analyzed by western blot with a rabbit
anti-GFP followed by peroxidase-conjugated goat anti-rabbit IgG.
(D) HEK293T cells were transfected with WT Fpn-GFP or Fpn(K253A)-GFP and pCMV-dynaminK44A. Eighteen hours after transfection, cells were incubated in
the presence or absence of 100 mM DFX. After 4 hr, cells were lysed and Fpn was immunoprecipitated with anti-GFP antibodies. Immunoprecipitated samples
were analyzed for GFP and ubiquitination. Error bars represent the standard error of the mean of three separate experiments. *, p < 0.05; **, p < 0.005; ns, not
significant.
See also Figure S1.
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Figure 2. Cytosolic Iron Depletion Leads to a Nedd4-2-Dependent Ubiquitination of Fpn
(A) HEK293TFpn-GFP cells were transfected with either nonspecific siRNA (N.S.) or human Nedd4-2-specific siRNA oligonucleotide pools with Oligofect-
AMINE. Forty-eight hr later, cells were induced to express Fpn-GFP, and after 18 hr and 36 hr Fpn-GFP localization was examined by epifluorescence
microscopy (panel i). Cells were biotinylated with sulfo-NHS-SS-biotin. After biotinylation, cells were solubilized, and biotinylated proteins were affinity purified
with streptavidin affinity gel. Affinity-purified samples and the flow through were analyzed by western blot with a rabbit anti-GFP followed by peroxidase-
conjugated goat anti-rabbit IgG (panel ii). Silencing was assessed by western blot with tubulin as a loading control (panel ii). The percent of plasma membrane
fluorescence per cell was determined as described in the experimental procedures (panel iiii). Error bars represent the standard error of the mean of
three separate experiments. Cells treated as above were transfected with siRNA resistant mouse Nedd4-2 expressed under the control of the CMV promoter
(panel iii).
(B) HEK293TFpn-GFP cells were silenced as in (A). Forty-eight hours later, cells were incubated in the presence or absence of 100 mM DFX, and Fpn-GFP
localization was examined by epifluorescence microscopy 6 hr later and images quantified as in (A).
(C) Mouse bone marrow macrophages were transfected with either nonspecific (N.S.) or mouse Nedd4-2 specific siRNA pools with OligofectAMINE. Forty-eight
hours later, cells were incubated with 250 mM BCS. Fpn localization was examined by immunofluorescence microscopy 18 hr later. The percentage of cells
showing cell-surface fluorescence versus intracellular fluorescence was determined as described in the Experimental Procedures. Silencing efficiency was
assessed by western blot. Error bars represent the standard error of the mean of three separate experiments. *, p < 0.05; ns, not significant.
See also Figure S2.
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tant construct of Nedd4-2 restored Fpn degradation (data not
shown). Similar results were obtained in macrophages isolated
from mice that were homozygous for a targeted deletion of
Nedd4-2 (Shi et al., 2008). Addition of DFX to wild-type macro-638 Cell Metabolism 14, 635–646, November 2, 2011 ª2011 Elsevierphages resulted in the degradation of Fpn but addition of DFX
to Nedd4-2/ macrophages did not lead to Fpn degradation.
Similarly, BCS treatment resulted in the expected degradation
of Fpn in wild-type macrophages, but not in Nedd4-2/
macrophages (Figure S2).Inc.
Figure 3. Nedd4-2 Is Required for Entry of Hepcidin-Internalized Fpn
into the MVB
HEK293TFpn-GFP cells were transfected with either N.S. siRNA or human
Nedd4-2-specific siRNA oligonucleotide pools with OligofectAMINE. Forty-
eight hours later, cells were induced to express Fpn-GFP. Eighteen hours after
Fpn-GFP induction, cells were incubated in presence or absence of 1 mg/ml
hepcidin for 30min,andFpn-GFP localizationwasexaminedbyepifluorescence
microscopy. Silencing efficiency and Fpn levelswere assessed bywestern blot.
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TRNedd4-2-Mediated Ubiquitination of Fpn Is Required for
the Degradation of Hepcidin-Internalized Fpn through
the Multivesicular Body Pathway
Hepcidin-mediated Fpn internalization is dependent on Jak2
phosphorylation of Y302-303 (De Domenico et al., 2009). Once
internalized, however, entry of Fpn into the multivescular body
(MVB) is dependent on ubiquitination of Fpn(K253A) (De Dome-
nico et al., 2007b). We examined whether Nedd4-2 was requiredCell Mfor the degradation of hepcidin-internalized Fpn. Silencing of
Nedd4-2 did not prevent hepcidin-mediated internalization of
Fpn but did prevent Fpn from being rapidly degraded (Figure 3).
We noticed that there was a 2-fold (2.01 ± 0.23) increase in
Nedd4-2 protein levels upon addition of hepcidin, as determined
by western blot analysis. This was also reflected in mRNA levels
(data not shown). Similarly, macrophages obtained from mice
with a targeted deletion in Nedd4-2 could internalize Fpn in
response to hepcidin, as measured by either cell-surface bio-
tinylation (Figure S2A) or fluorescence (Figure S2B). Once inter-
nalized, however, Fpn was not degraded in the absence of
Nedd4-2. Examination of the subcellular location of hepcidin-
internalized Fpn revealed its accumulation in large intracellular
vesicles. The appearance of these Fpn-accumulated vesicles
was similar to the accumulation of Fpn (K253A) and of Fpn in
cells silenced for Tsg101, a member of the endosomal sorting
complex required for transport (ESCRT) complex that recog-
nizes and captures ubiquitinated cargo (De Domenico et al.,
2007b). We conclude from these results that Nedd4-2 is respon-
sible for both cell-surface internalization of Fpn in response to
iron deprivation or multicopper oxidase limitation and for Fpn
internalization into the MVB.
Ubiquitin-Mediated Degradation Requires the Nedd4-2
Binding Protein Ndfip-1
Nedd4-2 can directly bind to target proteins if the proteins
contain a PXY or LPSY motif (Yang and Kumar, 2010). Fpn
does not contain these motifs, suggesting that Nedd4-2 does
not ubiquitinate Fpn via direct binding but requires an adaptor
protein. Ndfip-1 and Ndfip-2 have been demonstrated to act
as an adaptor protein mediating the interaction of Nedd4-2
and the transition metal transporter DMT1 (Foot et al., 2008;
2011; Yang and Kumar, 2010). To determine whether either of
these adaptor proteins plays a role in ubiquitination of Fpn, we
used RNAi to silence Ndfip-1 or Ndfip-2 in mouse bone marrow
macrophages. In cells treated with control oligonucleotides, Fpn
was degraded 6 hr after incubation with DFX (Figure 4A). Fpn
was not degraded in Ndfip-1-silenced cells but was degraded
in Ndfip-2-silenced cells (Figure 4B).
We utilized bone marrow-derived macrophages from mice
with a targeted deletion in Ndfip-1 to determine whether this
protein was required for the iron deprivation-dependent degra-
dation of Fpn. Cells were transfected with Fpn-GFP to determine
Fpn localization. Fpn was not degraded in Ndfip-1/ macro-
phages upon the addition of DFX (Figure 4C). Further, addition
of hepcidin led to partial loss of Fpn from the cell surface of
Ndfip-1/ macrophages but the internalized Fpn-GFP was not
degraded and accumulated in an intracellular compartment,
most probably the MVB. Loss of Fpn was detected under the
same condition in WT macrophages (Figure S3). These results
show that Ndfip-1 is required for iron-limited Fpn internalization
and degradation and for hepcidin-mediated Fpn degradation in
the lysosome.
Degradation of Fpn in Iron-Depleted Cells Can Be
Suppressed by Mn or Zn
Our results suggest that degradation of Fpn can be mediated
by depletion of cytosolic iron. There are two possible mecha-
nisms by which iron depletion may lead to Fpn ubiquitination
AC
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Figure 4. Nedd4-2 Internalization Requires the Nedd4-2 Binding Protein Ndfip1
(A) Mouse bone marrow macrophages were incubated with either N.S. or human Ndfip-1-specific siRNA oligonucleotide pools with OligofectAMINE. Forty-eight
hours after silencing, cells were incubated with or without 100 mMDFX for an additional 4 hr. Silencing and Fpn levels were assessed by western blot with tubulin
as a loading control.
(B) Mouse bonemarrowmacrophageswere incubated with either N.S. or humanNdfip-2-specific siRNA oligonucleotide pools, treated as in (A), and silencing and
Fpn levels were assessed.
(C) Mouse bone marrow macrophages obtained from mice homozygous for a targeted deletion in Ndfip1 were transfected with pEGFP-WTFpn. Eighteen hours
later, cells were incubated in the presence or absence of 100 mM DFX or 1 mg/ml hepcidin for 4 hr. Fpn-GFP localization was examined by epifluorescence
microscopy. The percentage of cells showing cell-surface fluorescence versus intracellular fluorescence was determined as described in the Experimental
Procedures. Error bars represent the standard error of the mean of three separate experiments. **, p < 0.005.
See also Figure S3.
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a signal transduction pathway, leading to Nedd4-2 ubiq-
uitination of Fpn through Ndfip-1. Second, reduced cytosolic
iron results in cell-surface Fpn becoming a substrate for
Nedd4-2-dependent ubiquitination. This latter hypothesis
makes a prediction that transport of other substrates by Fpn
might prevent Fpn degradation induced by iron depletion.
Most Fe(II) transport systems also transport manganese (Mn),
and recent studies have shown that Fpn can transport Mn
(Yin et al., 2010) and Zn (Troadec et al., 2010). Addition of either
Mn or Zn to DFX-treated cells maintained Fpn on the cell
surface (Figure 5). In contrast, addition of copper, cobalt, and
magnesium was unable to suppress iron starvation-induced
Fpn degradation. These results show that the loss of transport
activity due to substrate depletion underlies the degradation
of Fpn.
RE640 Cell Metabolism 14, 635–646, November 2, 2011 ª2011 ElsevierAn Inability to Internalize Fpn Leads to Apoptosis
We next considered what might be the function of substrate-
dependent degradation of Fpn. The most straightforward
hypothesis is that iron-limited Fpn degradation protects cells
from severe iron deficiency. We noted that expression of Fpn
(K253A) resulted in increased cell death compared to cells
expressing wild-type Fpn (data not shown). In contrast, expres-
sion of degradation competent wild-type Fpn did not lead to
increased cell death (data not shown). We confirmed these
results in mouse bone marrow macrophages silenced for
Nedd4-2. There was an increase in apoptosis in cells silenced
for Nedd4-2 compared to cells incubated with control oligonu-
cleotides (Figure 6A). Nedd4-2-silenced cells incubated with
DFX showed higher levels of apoptosis compared to control cells
incubated with DFX (Figure 6B), a phenotype that was reversed
by addition of ferric ammonium citrate (FAC) (Figure 6C). WeInc.
Figure 5. Iron Deprivation-Induced Fpn Degradation Results from Loss of Transport Substrate
HEK293T cells expressing Fpn-GFP were incubated with 10 mMPonasterone A. After 18 hr, 100 mMDFX and 50 mMZnSO4 was added, and cells were incubated
at 37C for 4 hr. Fpn-GFP localization was examined by epifluorescence microscopy. The percentage of cells showing cell-surface fluorescence versus intra-
cellular fluorescence was determined as described in the Experimental Procedures. Error bars represent the standard error of the mean of three separate
experiments. Cells were biotinylated with sulfo-NHS-SS-biotin. After biotinylation, cells were solubilized, and biotinylated proteins were affinity purified with
streptavidin affinity gel. Affinity-purified samples and the flow through were analyzed by western blot with a rabbit anti-GFP followed by peroxidase-conjugated
goat anti-rabbit IgG. **, p < 0.005.
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uitination and subsequent Fpn degradation protects cells from
Fpn-mediated iron starvation and cell death.
Ubiquitin-Mediated Internalization of Fpn
Is Evolutionarily Conserved
Fpn and hepcidin are conserved in vertebrates. Fpn homologs
are also present in invertebrates, but invertebrates lack hepci-
din genes. C .elegans contains three Fpn genes even though
this roundworm lacks the ability to synthesize hepcidin. fpn-
1.1, which is expressed in the intestine and muscle, showsCell Mthe most homology to mammalian Fpn (Figure 7A). Consistent
with the lack of hepcidin in C. elegans, the critical cysteine
within the putative hepcidin-binding domain is absent in
FPN-1.1 (De Domenico et al., 2008; Fernandes et al., 2009).
FPN-1.1 expressed in mammalian cells localized to the
plasma membrane and, importantly, exported iron, as deter-
mined by a decrease in ferritin levels (Figure 7B). Significantly,
addition of hepcidin altered neither C. elegans Fpn (cFpn-
GFP) localization nor degradation, confirming that lack of
a canonical hepcidin-binding domain in FPN-1.1. Reduction
of cytosolic iron by the addition of DFX, however, resultedetabolism 14, 635–646, November 2, 2011 ª2011 Elsevier Inc. 641
Figure 6. An Inability to Downregulate Fpn Leads to Apoptosis
Mouse bone marrow macrophages were incubated with N.S. siRNA or human
Nedd4-2-specific siRNA oligonucleotide pools with OligofectAMINE. Forty-
eight hours after silencing, cells were incubated in the absence (A) or presence
(B) of 100 mM DFX or FAC (10 mM Fe) (C). Twelve or eighteen hours later, cells
were incubated with Hoechst 33342 dye for 15 min at 37◦C. Cells were
analyzed with a spectrofluorometer with excitation of 346 and emission of
460 nm. All data were normalized to cell protein. Error bars represent the
standard error of the mean of three separate experiments. *, p < 0.05; **, p <
0.005; ns, not significant.
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RAin the loss of cell-surface cFpn-GFP and Zn supplementation
partially prevented the iron-deprivation induced Fpn internali-
zation (Figure 7C). These results suggest that the iron depriva-
tion-induced degradation of Fpn is evolutionarily conserved in
metazoa.642 Cell Metabolism 14, 635–646, November 2, 2011 ª2011 ElsevierDISCUSSION
Hepcidin-mediated degradation of Fpn plays a critical role in
regulating systemic iron homeostasis. Regulation of hepcidin
levels provides a mechanism to coordinate iron utilization and
storagewith iron acquisition, as hepcidin reduces the concentra-
tion of cell-surface Fpn and thus iron export. The same ability of
Fpn to provide iron to plasma also leads to reduced cytosolic
iron, indicating that regulation of Fpn is essential for regulating
cytosolic iron concentration. This study shows that hepcidin-
independent downregulation of Fpn is an intrinsic property of
Fpn. High levels of Fpn are found on iron-exporting cells such
as duodenal enterocytes, macrophages, hepatocytes, and
placental cells, and most cell types have the ability to express
Fpn. Transcription of Fpn is induced by iron (Aydemir et al.,
2009), heme, and to a lesser extent by other transition metals
(Troadec et al., 2010). Fpn can also be posttranscriptionally
regulated by iron-regulatory proteins binding to the 50 iron-regu-
latory element in the Fpn mRNA (Galy et al., 2008). Expression of
Fpn in cells results in iron export and in cellular depletion of iron,
as shown by decreased ferritin levels. The export of iron by
decreasing cytosolic iron concentration would reduce both the
transcriptional and posttranscriptional cues that lead to Fpn
expression. As shown here, the depletion of cytosolic iron would
then lead to the loss of cell-surface Fpn, preventing further cyto-
solic iron loss. The finding that Fpn is internalized when cytosolic
iron levels decrease forms a homeostatic loop; the presence of
iron induces Fpn expression and the lack of iron leads to Fpn
degradation. Some cell types express a splice variant of Fpn
mRNA that lacks the 50 iron regulator element (IRE) (Zhang
et al., 2009). The protein expressed by this mRNA would still
be expected to be as susceptible to iron deprivation-induced
degradation as the protein expressed from the IRE-containing
splice form.
Hepcidin-independent internalization of Fpn requires the
activity of the E3-ligase Nedd4-2 and its adaptor protein,
Ndfip-1. We previously demonstrated that Fpn was internalized
in the absence of multicopper oxidases (De Domenico et al.,
2007a). These enzymes oxidize Fe2+, the putative substrate of
Fpn transport, to Fe3+, which is then bound to transferrin. Trans-
ferrin binding of iron maintains an extremely low extracellular
concentration of free iron providing a gradient favoring cellular
iron export. We propose that in the absence of this gradient,
Fpn is unable to transport iron resulting in a conformation that
is competent for ubiquitination by the Nedd4-2 ligase system
and subsequent degradation. Our model is supported by studies
of the yeast manganese importer Smf1, which is ubiquitinated
by the yeast Nedd4-2 homolog Rsp5 (Hettema et al., 2004).
Transport of metals by Smf1 leads to the Rsp5-induced ubiq-
uitination and degradation of Smf1, thereby protecting cells
from heavy metal toxicity. Ubiquitination is triggered by alter-
ation in the conformation of Smf1 leading to the exposure of
polar groups within hydrophobic domains. Transport conforma-
tion intermediates might be expected to have an increased
probability of being recognized by a membrane surveillance
system. Active transport of substrate would decrease the time
that a transporter might spend in a conformational extreme,
thus reducing the probability that it would be recognized by
the membrane surveillance system. We speculate that a similar
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Figure 7. Hepcidin-Independent Internalization Is Evolutionarily Conserved
(A) Sequence alignment of WT mouse Fpn and WT C. elegans Fpn. The hepcidin-binding domain (HBD) is highlighted in the box.
(B) HEK293T cells were transfected with empty vector pEGFP, WTmouse pEGFP-Fpn (mFpn), or WTC. elegans pEGFP-Fpn (cFpn). After transfection cells were
incubated in presence of FAC (10 mM Fe). Eighteen hours after transfection iron was removed and cells were incubated for further 18 hr (±FAC). Cells were
solubilized and ferritin levels measured by ELISA.
(C) HEK293T cells were transfected WT cFpn. Eighteen hours after transfection, cells were incubated with or without 1 mg/ml hepcidin, 100 mM DFX, or 50 mM
ZnSO4 plus 100 mMDFX for 6 hr. Fpn-GFP localization was examined by epifluorescence microscopy. Fpn and tubulin level were analyzed by western blot using
tubulin as loading control. The percentage of cells showing cell-surface fluorescence versus intracellular fluorescence was determined as described in the
Experimental Procedures. Error bars represent the standard error of the mean of three separate experiments. *, p < 0.05; **, p < 0.005.
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cytosolic iron is low or in the absence of an extracellular iron
gradient.
Hepcidin-induced Fpn internalization is due to the phosphory-
lation of Fpn by Jak2. Fpn is a dimer, and the binding of two
molecules of hepcidin, one to eachmonomer, induce the binding
of Jak2 to Fpn. Once bound to Fpn, Jak2 is autophosphorylated,
and phosphorylated Jak2 then phosphorylates Fpn permitting
it to be captured and internalized by clathrin-coated pits (De Do-
menico et al., 2009). Hepcidin-mediated internalization of Fpn
does not require or involve Nedd4-2, but once internalized, the
degradation of Fpn is Nedd4-2 dependent. In the absence of
Nedd4-2, the degradation of hepcidin-internalized Fpn is
dramatically decreased. The decreased degradation results
from the accumulation of Fpn within large endocytic vesicles.
R
Cell MThe intracellular accumulation of Fpn in Nedd4-2-deleted cells
is similar to that seen for the ubiquitin mutant (Fpn K253A) or
when members of the ESCRT complex are reduced by RNAi
(De Domenico et al., 2007b). It should be noted that when Fpn
entry into the MVB is blocked it might lead to its reappearance
on the cell surface through membrane recycling. We do not
know what triggers ubiquitination of endosomal localized Fpn.
One possibility is that entry of Fpn into the early endosome
prevents iron export, perhaps due to changes in luminal pH,
and that those changes in Fpn conformation are recognized by
the Nedd4-2/Ndfip-1 machinery.
The regulation of Fpn concentration by hepcidin-dependent
and hepcidin-independent mechanisms can act synergistically
and independently. Most notably hepcidin-independent internal-
ization can permit regulation of Fpn in response to iron even inetabolism 14, 635–646, November 2, 2011 ª2011 Elsevier Inc. 643
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Fpn expression by both transcriptional and posttranscriptional
mechanisms. There are cell types in the body that are separated
from systemic hepcidin yet need to regulate iron homeostasis.
Cells from the retina, brain, and testes are not exposed to
systemic hepcidin, as they are separated from the systemic
circulation. There are reports of hepcidin expression in the
central nervous system, however, their significance is uncertain
(Ha¨nninen et al., 2009; Malik et al., 2011; Wang et al., 2008).
There is a report that the murine retina can make hepcidin and
that hepcidin negative mice show macular degeneration (Had-
ziahmetovic et al., 2011); however, examination of the literature
shows that hepcidin negative humans show no obvious
pathology in these tissues. Similarly, there is no evidence that
patients with mutations in matriptase-2, which leads to systemic
increases in hepcidin, show phenotypes of brain iron overload
(Melis et al., 2008). These findings suggest that hepcidin regula-
tion of Fpn may not be important for iron homeostasis in tissues
separated from the circulation. Hypotransferrinemic mice or hu-
mans have very low serum hepcidin levels. Hypotransferrinemia
leads to iron-restricted erythropoiesis but many parenchymal
tissues are iron overloaded. Interestingly, even in the face of
low serum hepcidin hypotransferrinemic mice/humans show
no obvious brain related phenotype (Beutler et al., 2000; Craven
et al., 1987). In contrast, decreased Fpn in the brain has been
implicated in brain iron overload, as seen in aceruloplasminemia
(De Domenico et al., 2007a; Jeong et al., 2009). Interestingly,
mice with a targeted deletion in Ndfip-1 show iron overload in
brain (Howitt et al., 2009), and increased iron levels in liver and
spleen (Foot et al., 2011). The increased levels of iron were attrib-
uted to increased expression of DMT1. We suggest, however,
that inhibition of Fpn degradation would also lead to the same
phenotype. The relative increase in liver and splenic iron was
most notable in mice fed a low-iron diet in which hepcidin levels
might be expected to be lower. The original Nedd4-2 knockout
mouse had a more mild phenotype than a recent Nedd4-2
knockout (Kimura et al., 2011; Shi et al., 2008). This difference
was attributed to the possibility that the original Nedd4-2-
targeted gene deletion expressed shorter splice isoform of
Nedd4L than the more recent knockout mouse (Kimura et al.,
2011). It is of interest that Nedd4-2 induced degradation of
DMT1 occurs under high-iron conditions while Nedd4-2-induced
degradation of Fpn occurs under low-iron conditions. We sug-
gest that iron levels in both instances affect protein conforma-
tion, and it is the change in conformation that is being recognized
by the Nedd4-2/Ndfip-1 degradation system. Ubiquitin-medi-
ated internalization of Fpn may protect cells from excessive
iron export, particularly under conditions in which hepcidin
may not be present. The availability of mice with targeted dele-
tions in hepcidin and Nedd4-2 provides an opportunity to dissect
the role of hepcidin-dependent and independent systems in
whole animal studies.
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Cells and Media
Human embryonic kidney HEK293T cells were maintained in DMEMwith 10%
fetal bovine serum and transfected with WT Fpn-EGFP-N1 or Fpn(mutations)-
EGFP-N1 or WT C. elegans Fpn-EGFP-N1 WT with Nucleofector technology644 Cell Metabolism 14, 635–646, November 2, 2011 ª2011 Elsevier(Amaxa, Gaithersburg, MD), according to the manufacturer’s directions.
HEK293TFpn-GFP is a stable cell line in which Fpn-GFP expression is regu-
lated by the ecdysone promoter (Nemeth et al., 2004). Mouse bone marrow
macrophages, isolated from femurs, were grown in RPMI 1640 with 20%
equine serum for 4 days and adherent cells were further cultured in RPMI
1640 with 20% fetal bovine serum and 30% L cell-conditioned medium. Cells
were then incubated in RPMI 1640 with 20% fetal bovine serum for 24 hr prior
to experimental manipulation. Cells were iron loaded by addition of ferric
ammonium citrate (FAC [10 mM Fe]) for 18 hr. Desferasirox (DFX) was the
kind gift of Novartis.
Animals
Generation and characterization of mice with targeted deletions of Nedd4-2
(Shi et al., 2008) and Ndfip-1 (Foot et al., 2008) have been described. Animals
were sacrificed at 6 weeks of age, and bone marrows were collected for
macrophage isolation and culturing.
Small Interfering RNA Transfection
siRNA oligonucleotide pools matching selected regions of human or mouse
Nedd4-1, Nedd4-2, Ndfip-1, Ndfip-2, and nonspecific oligonucleotide pools
were obtained fromDharmacon RNA Technologies (Lafayette, CO). For deple-
tion of Nedd4-2 siGENOME SMARTpool and duplexes 1, 3, 4, and 5 were
used. siGENOME SMARTpool catalog number M-007178-01 was used to
deplete Nedd4-1.
HEK293T cells or mouse bone marrow macrophages were transfected with
siRNA oligonucleotides at a final concentration of 100 nMwith OligofectAMINE
reagent (Invitrogen, Carlsbad, CA).
Fluorescence Microscopy
Cells expressing GFP constructs were visualized with an epifluorescence
microscope (Olympus, Melville, NY) with a 603 NA 1.3 oil-immersion objec-
tive. Images were acquired with Pictureframer software. All experiments
were performed a minimum of three times. For each experiment 100 positively
transfected cells were analyzed for the localization of Fpn-GFP. The percent
fluorescence was determined by counting the number of cells with cell-surface
or internal fluorescence divided by the total number of cells counted.
Biotinylation Assay
Biotinylation of the plasma membrane of HEK293T cells was performed
with sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-dithiopropinate (sulfo-NHS-
SS-biotin) (Pierce Chemical, Rockford, IL) according to the manufacturer’s
instructions and as described previously (De Domenico et al., 2007b). Cells
were treated with sulfo-NHS-SS-biotin at specific times after treatment with
DFX to distinguish cell-surface Fpn-GFP from internalized Fpn-GFP. Bio-
tinylated proteins were purified with streptavidin beads (Pierce Chemical),
and the affinity-purified samples were examined for Fpn-GFP by western
blot analysis with antibodies against GFP. Immunoprecipitation of Fpn-GFP
was performed with protein A/G resin (Santa Cruz Biotechnology, Santa
Cruz, CA) and rabbit anti-GFP (ab6556l; Abcam, Cambridge, MA).
Apoptosis Detection Assay
Mouse bone marrow macrophages, transfected with either nonspecific or
Nedd-2-specific oligonucleotide pools for 48 hr were incubated with of
Hoechst 33342 (10 ml/ml media) (Invitrogen, Carlsbad, CA) at 37C for
15 min. Propidium Iodide (PI) was added (50 ml) to cells for a further 10 min.
Stained cells were analyzed with a spectrofluorometer excitation of 346 and
emission of 460 nm for Hoechst dye.
Immunofluorescence
Cells were fixedwith 3.7% formaldehyde, permeabilized in PBS containing 1%
bovine serum albumin, 0.1% saponin, and incubated with rat anti-CD11b
(1:100; Abcam, Cambridge, MA) for 60 min at 37C, followed by Alexa 594-
conjugated goat anti-rat antibody (1:750; Invitrogen). Cells were visualized
with an epifluorescence microscope (Olympus) with a 1003 oil-immersion
objective. Images were acquired with picture framer analysis software
(Olympus).
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Western analysis was performed with either rabbit anti-Fpn (1:1000); rabbit
anti-GFP (1:10,000; Abcam, Cambridge, MA); mouse anti-tubulin (1:1000;
GeneTex, San Antonio, TX); rabbit anti-nedd4-1, rabbit anti-nedd4-2
(1:1000; Abcam, Cambridge, MA), rabbit anti-ndfip-1, rabbit anti-ndfip-2
(1:1000; Abcam, Cambridge, MA); andmouse anti-ubiquitin (1:1000; Covance,
Berkeley, CA) followed by either peroxidase-conjugated goat anti-rabbit IgG
(1:10,000; Jackson ImmunoResearch Labs, West Grove, PA) or peroxidase-
conjugated goat anti-mouse immunoglobulin IgG (1:10,000; Jackson Immu-
noResearch Laboratories, West Grove, PA). All western blots were normalized
for total protein concentration with the bicinchoninic acid assay (Pierce Chem-
ical, Rockford, IL). Biotinylation of the macrophage plasma membrane was
performed with sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-dithiopropinate
(sulfo-NHS-SS-biotin) (Pierce Chemical, Rockford, IL) according to the manu-
facturer’s instructions. Capture of biotinylated Fpn was performed as
described previously (De Domenico et al., 2007b). Ferritin levels were deter-
mined by ELISA as described previously (De Domenico et al., 2007a). All
experiments were performed a minimum of three times. Data are represented
as mean ± standard deviation (SD). Mean values were compared with the
Student’s t test (*, p value < 0.05; **, p value < 0.005; ns, not significant).
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